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ABSTRACT
DEVELOPING SOLAR PANEL SIMULATORS USING LABVIEW FOR CONSTANT
LOAD FOR VARYING SOLAR IRRADIANCE AND TEMPERATURE
Preethi Suryaa Sri Balu, M.S.
Department of Electrical Engineering
Northern Illinois University, 2016
Dr. Donald S Zinger, Director

Solar energy is a highly renewable energy source, causing no pollution to the external
environment. In the recent years, the development and implementation of solar panels is increasing
rapidly in both commercial and rural areas. Further research is being done for developing efficient
solar panels. Considering the current development of solar panels, it is pivotal for the next
generation of engineers to focus on research and development of solar panels.
The objective of this thesis is to develop a solar panel simulator using LabVIEW software.
LabVIEW software is used for its graphical programming, which makes understanding the
working of solar panel easier. Solar panel simulators can also be used for testing the solar panels
for specific parameters.
In this thesis, mathematical modelling of solar panel is used for simulation. The solar panel
is simulated with a constant load. The effects of different load resistance on the operating point of
the solar panel are analyzed. Various model approaches are analyzed and implemented prior to
developing the final model. The current-voltage and the power-voltage characteristics of the solar
panel for varying solar irradiance and temperature are simulated.
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CHAPTER 1
INTRODUCTION
Nowadays, the demand for power is increasing rapidly. A huge crisis has been developed
on the exhaustion of traditional energy sources for power generation. The demand for
energy/power is growing rapidly and the supply from the available sources is not meeting the
demand. The increase in the demand of traditional energy sources has led to focus on developing
renewable energy sources like wind, sun, hydro, and biomass. Because of the environmental
benefits of solar panel, the future should explore more on solar energy as a renewable source for
energy production.
Solar energy will be greatly beneficial for the environment - it is clean and silent. Since
there are no moving parts in the setting up of solar panels, it requires less maintenance. Since solar
energy is readily available, its future is promising. As long as it is harnessed in the right way, solar
energy can be used to power and provide enough energy for the global populace. As sunshine is
available every day, solar energy has become the most reliable source of energy. Solar energy
generates electricity from the sun’s irradiance and temperature. Providing solar energy is effective
in the areas with ample sunshine throughout the day. The extraction of the solar energy with panels
is being initiated for production of eco-friendly and cleaner energy for the future.
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As a step in developing the solar energy, this thesis develops solar panel emulator using a
graphical programming software, LabVIEW (Laboratory Virtual Instrumentation Engineering
Workbench), to enlighten future generations about the working of solar power generation.
Over the last few decades, interest in photovoltaic systems has increased internationally.
Solar photovoltaic systems are widespread in such a way that it is considered as a third renewable
energy source next to hydro and wind. Photovoltaic cells convert the radiation from the sun into
electrical energy which is known as photoelectric effect [1]. The amount of power generated
depends on external parameters like solar irradiance, temperature, and the angle of the sun, wherein
solar irradiance plays a major role in the total amount of power generated.
The literature study on various journals and articles will discuss the solar panel emulators
that have developed using MATLAB/Simulink software. In this thesis LabVIEW, a graphical
programming language, is used to develop the solar photovoltaic model. LabVIEW’s user friendly
interface can be used to interface with real-world information. Nanjannavar, Gandhi, and Patel
presented a paper on, “Solar PV cell modeling and simulation using LabVIEW where the graphical
programming has replaced the conventional programming techniques and also it comes with an
effective user interface” [2]. According to Gang and Ming, “LabVIEW software has provided a
unique way of modeling and simulating the output characteristics of solar cells” [3].
1.1. Thesis Objective
The thesis focusses on developing the solar panel emulator in LabVIEW. LabVIEW is used
because of its significance in graphical programming and user-friendly interface. Developing solar
panel emulator can be used to make easy understanding of solar power generation for the future
generation of engineers. As the demand for photovoltaic solar modules increases, the demand in
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equipment to test the modules also increases. Solar panel emulator is used to test the photovoltaic
solar modules without even buying them. The thesis develops the I-V and P-V characteristics of
the solar panel. A constant load resistance is maintained to analyze the behavior of the solar panel.
The effects of varying temperature and solar irradiance are discussed.
1.2. Thesis Structure
This thesis is comprised of six chapters. Chapter 2 is about literature research on solar
cell emulator and developing it using LabVIEW. Chapter 3 explains the solar cell and its types.
The mathematical model used for calculating the solar cell parameters are also explained here. In
Chapter 4, the steps involved in developing the model approaches are discussed in detail. The
effects of varying load resistance, solar irradiance, and temperature are explained in Chapter 5.
Chapter 6 concludes the thesis and explains the recommendations for future work.

CHAPTER 2
LITERATURE REVIEW

Initially, a lot of research is done to select the topic. Various approaches to develop solar
panel emulator in LabVIEW are studied and analyzed. The summary of the research papers are
discussed here. Abdulkadir, Samosir and Yatim [4] proposed a LabVIEW simulator for the
photovoltaic system. They used an approach to compute the model parameters at various
temperature and solar irradiance. One diode model with series resistance and one diode model with
series and shunt resistances are analyzed. A brief discussion on current, voltage, and power
characteristics of the solar cell along with maximum power point (MPP) line are discussed and
implemented. In the MPP line, a constant current is developed at varying cell temperature and a
nearly constant output voltage is developed at varying solar radiation conditions.
Gang and Ming [3] implemented the maximum power point tracking system to find
operating point at maximum power and the best matched load. The maximum power point tracking
(MPPT) system is used to improve the efficiency and economic benefits. From the discussion on
influence of internal resistance, as parallel internal resistance Rsh increases open-circuit voltage
(Voc) and maximum power (Pm) increases. The increase in Pm increases fill factor (FF), with
decrease in optimum load resistance. FF is calculated with respect to the equation and it is proved
as a key factor in the performance of solar cell.
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Jaleel, Nazar and Omega [5] propose the simulation of photovoltaic module using
LabVIEW. The equations for solar module is developed by combining solar cell equations with
series and parallel cells. When the cells are connected in parallel, the total current is the sum of the
current value of the single cell, whereas the total voltage is the voltage across the single solar cell.
In Jaleel et al.’s paper, the Newton Raphson method is used to solve the nonlinear current and
voltage equations using successive approximation. MPPT algorithm is implemented in the module
to find the operating point at its maximum power. First, the load resistance across the solar module
is given a value of 2Ω. Then the best matched resistance is calculated and load resistance is shifted
to the best matched value of resistance. The model is verified by operating under different
temperatures and solar irradiance. The variation in the value of series and shunt resistance
influences the slope in constant voltage region and constant current region respectively. The
variation in both series and shunt resistance affects the fill factor. The diode ideality factor affects
the power peak in the P-V curve.
From Bernal’s thesis documentation [6], a study and development of photovoltaic
simulator is performed. When the testing equipment like inverter is connected, the oscillations in
temperature and solar irradiance values affect the panel performance. When a programmable
voltage source with constant values of current and voltage are used, the solar irradiance and
temperature are not considered and it is not similar to the operation of the solar panel. Finally a
simulator is developed based on the panel characteristics, temperature and solar irradiance, giving
a constant value of current and voltage. The simulator can be used to check the performance of
different solar panels without testing the actual panels. Bernal tested the performance of different
types of solar panel, varying the panel parameters, under varying temperatures and solar irradiance.
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Two different models are developed - one without hardware and one with hardware interface and
a detailed study is conducted.

According to Nanjannavar et al. [2], a LabVIEW-based model is developed for varying
panel parameters on a monocrystalline silicon photovoltaic cell. The open-circuit voltage is
derived using equation at current I=0A. The open-circuit voltage value is split into 100 parts and
the corresponding value of current is calculated to get the I-V and P-V characteristic curves. It is
seen that as temperature increases, the band gap energy decreases and there is an increase in the
saturation current (Io). Open-circuit voltage (Voc) is inversely proportional to saturation current and
value of Voc decreases. A slight increase in short-circuit current (Isc) is noticed, maximum power
reduces, fill factor falls down and efficiency decreases. As solar irradiation increases, Isc increases
linearly with a slight increase in Voc. As Pm increases, efficiency of the photovoltaic cell increases.
From these results, it is clear that solar irradiance does not negatively affect the efficiency and fill
factor as much as temperature. However, solar irradiance is directly related to the output power.

Myint, Kim and Lee [7] developed the characteristics of the solar module along with MPPT
algorithm. The MPPT algorithm is implemented using the Perturb and Observe algorithm, in which
the step size is larger having a lesser tracking time and more oscillations at a steady-state condition.
Myint et al. [7] proposed a scheme to adjust the step size automatically and reduce oscillations to
improve the speed of MPPT. The Perturb and Observe algorithm and step size control algorithm
are explained. A comparative study is done between a traditional Perturb and Observe algorithm
and Perturb and Observe algorithm with step size control. It is simulated and observed that the
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Perturb and Observe with step size control algorithm is superior to the traditional Perturb and
Observe algorithm.

Chouder, Silvestre, Taghezouit, and Karatepe [8] introduced a real-time interfacing in
LabVIEW using a data acquisition (DAQ) card. DAQ is done to analyze the photovoltaic
characteristics of solar panel. An inverter model is designed in LabVIEW. The simulated data is
compared to that of measured data and the results are successfully validated. The integration
methodology of robust simulation and monitored data in real time can be extended to study the
diagnosis of fault in a photovoltaic system [8]. The algorithm used in the paper also helps in fault
detection of solar panels.

Yadav, Roshan, Umashankar, Vijayakumar and Kothari [9] also used DAQ card to get the
input parameters. DAQ card converts the analog signals like the temperature, solar irradiance,
voltage and current into digital signals to be read by computer. This is useful to check the solar
panel characteristics without even buying them. The DAQ card is used to measure real-time
simulation results. He also developed simulation in offline mode. The simulated I-V and P-V
characteristic curves for varying solar irradiance and temperature were obtained. The results from
offline mode and DAQ card mode are similar to the datasheet values.

Dolan, Durago and Taufik [10] developed the photovoltaic emulator using programmable
power supply and graphical user interface in LabVIEW. The value of voltage and current are varied
over a wide range to mimic variety of solar panels. “The current implementation of the PV
emulator thus allows for 284 different panels to be emulated accurately over a wide range of
irradiances and temperatures” [10].
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The realistic model to develop solar panel simulator in LabVIEW is developed from [11].
Since there was no sufficient data in the model to develop the solar panel characteristics, further
research is done to develop the panel simulators using LabVIEW.
Finally, a thesis by Lethakula [12] on solar stand-alone system with storage and DC bus
control using MATLAB/Simulink software is studied. The mathematical model in his thesis is
referenced to Sharma and Jain [13]. After doing the literature review on developing solar panel
emulator in LabVIEW, the mathematical model from [13] is used in this thesis.

CHAPTER 3

MODELLING OF SOLAR PANEL
3.1. Solar Cell
A solar cell generates electricity from the sun’s irradiance, known as photovoltaic effect.
The solar cell is also called as photovoltaic cell or photoelectric cell. A solar cell is essentially a
diode made up of semiconducting materials with a weakly bonded electrons [4]. As solar cell is
made up of semiconductor material there is some band gap between valance band and conduction
band. When a photon hits the solar cell, energy of electrons in the valance band increases and the
electrons jump into conduction band. This results in free electrons. Energy of incident photon must
be greater than band gap energy of the semiconductor to move the electrons from valance band to
conduction band [14]. Holes are generated in the crystal lattice as the electrons jump. Thus an
electron-hole pair is created as the burden associated with the gap is the same as electron but of
opposite sign. Figure 1 shows the electronic band structure of a photovoltaic cell.
The behavior of solar cell is similar to a P-N junction diode. Figure 2 shows the solar cell
with P-N junction. By combining both p-type and n-type semiconducting materials, the diffusion
of electrons in p-type semiconductor forming electron-hole pair generates negatively charged ions.
Likewise, loss of electrons in n-type semiconductor forming electron-hole pair generates positively
charged ions.
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FIGURE 1: ELECTRONIC BAND STRUCTURE OF A PV CELL [6]

FIGURE 2: P-N JUNCTION OF SOLAR CELL [6]
A number of solar cells are connected in series and/or in parallel to form a solar module.
The solar modules are connected together to form solar panel and solar panels are connected
together to form solar array. A single photovoltaic cell generates about 0.5V-0.8V, which is very
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low for practical application; henceforth, the photovoltaic cells are connected in series and parallel
to get the desired output voltage [2]. The traditional one-diode model of solar cell is used to
develop the thesis model.
3.2. Types of Solar Cells
There are several types of solar cells commercially available in the market. The diode ideality
factor of the solar cell depends on the type of silicon solar cell. However there are a few types of
silicon cells that are commonly used. According to Nanjannavar et al., “The efficiency for monocrystalline cells is generally 15% to 20% and for polycrystalline it is 9% to 12%. In case of thin
film cells, the efficiency is 10% for a-Si, 12% for CuInSe2 and 9% for CdTe” [2]. Abdulkadir et
al. says, “The efficiency of the photovoltaic cell is determined by the material’s ability to absorb
photon energy over a wide range, and on the bandgap of the material” [4]. They are discussed
below.
3.2.1. Crystalline Silicon Cell (c-Si)
More than 90% of the available silicon cell is made up of silicon [15] [16]. However,
there are different forms of silicon based on its purity. The more pure it is, the more efficient the
cells are in converting sunlight to electrical energy. The purity of the silicon cell depends on the
how well the silicon molecules are aligned. More than 95% of the silicon cells are crystalline
silicon cells [15] [16]. There are two types of silicon cells such as mono- crystalline cells and
polycrystalline cells.
3.2.2. Monocrystalline Silicon Cell
Monocrystalline silicon cell is also called single crystalline silicon cells. They are made up
of silicon ingots. They can be easily recognized externally with their coloring. As it is made up of
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high-purity silicon cells the total cost ends up to be expensive. “The efficiency has been
documented at upwards of 20%” [15].
3.2.3. Polycrystalline Silicon Cell
Polycrystalline silicon cell is also called as multi-crystalline silicon cell. Polycrystalline is
differentiated from monocrystalline with its round edges. The silicon is not as pure as
monocrystalline and so it is less expensive. The efficiency of the polycrystalline solar cells is 13%
- 16% [15] [16]. The heat tolerance of polycrystalline solar cells is lower than monocrystalline
solar cells.
3.2.4. Thin Film Solar Cell (TFSC)
The thin film solar cells are manufactured by depositing one or several layers of
photovoltaic materials onto a substrate [15] [16]. The efficiency of this solar cell is 7% - 13% [15]
[16]. The efficiency is expected to climb around 16% with future modules [15] [16]. Thin film
solar cells are characterized based on the type of photovoltaic material.
3.2.5. Amorphous Silicon Solar Cell
Amorphous silicon solar cells are used for small electronic appliances. Stacking of multiple
layers of amorphous material has resulted in efficiency of up to 8% [15] [16]. This type of silicon
cell is expensive.
3.2.6. Cadmium Telluride Solar Cell
This is the only type of thin film solar cell compared to crystalline solar cell for its cost
effectiveness. Efficiency level of these cells range from 9% - 11% [15] [16].
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3.2.7. Copper Indium Gallium Selenide Solar Cell
Copper indium gallium selenide solar cell is mostly used in commercial applications. These
solar cells are highly potential compared to other thin film technologies. The efficiency of solar
cell is 10% – 12% range [15] [16].
3.3. Mathematical Modelling of Solar Module
The equivalent circuit of a popular one-diode solar cell with series and shunt resistance is
shown in Figure 3. The circuit parameters in the one-diode model are net current generated I,
photocurrent source Iph, diode current Id, current across shunt resistance Ish, series resistance Rs
and shunt resistance Rsh. The net current is given as the difference between photocurrent Iph, diode
current Id and current across shunt resistance IRsh.

FIGURE 3: EQUIVALENT CIRCUIT OF ONE-DIODE SOLAR CELL [8]
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The equations used in calculating the net current produced by the solar cell is referenced
from [13]. The mathematical equations to calculate the net current are given as:
𝑰 = 𝑰𝒑𝒉 − 𝑰𝒅 − 𝑰𝒔𝒉

(3.3.1)

𝒒(

𝑰 = 𝑵𝒑 [𝑲𝒊 (𝑻𝒐𝒑𝒕 − 𝑻𝒓𝒆𝒇 ) + 𝑰𝒔𝒄 ]𝑰𝒓𝒓 + 𝑵𝒑 𝑰𝒔 (𝒆

𝑽 𝑰𝑹𝒔
+
)
𝑵𝒔 𝑵𝒔
𝑵𝑪𝑽𝒕

− 𝟏) −

𝑽+𝑰𝑹𝒔

(3.3.2)

𝑹𝒔𝒉 𝑻

where:
𝐋𝐨𝐚𝐝 𝐂𝐮𝐫𝐫𝐞𝐧𝐭 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧,

𝑰𝒑𝒉 = [𝑲𝒊 (𝑻𝒐𝒑𝒕 − 𝑻𝒓𝒆𝒇 ) + 𝑰𝒔𝒄 ]𝑰𝒓𝒓

(3.3.3)

𝑽 𝑰𝑹
𝒒( + 𝒔 )
𝑵𝒔 𝑵𝒔
𝑵𝑪𝑽𝒕

(3.3.4)

𝐃𝐢𝐨𝐝𝐞 𝐂𝐮𝐫𝐫𝐞𝐧𝐭 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧,

𝑰𝒅 = 𝑵𝒑 𝑰𝒔 (𝒆

𝐒𝐡𝐮𝐧𝐭 𝐂𝐮𝐫𝐫𝐞𝐧𝐭 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧,

𝑰𝒔𝒉 =

− 𝟏)

𝑽+𝑰𝑹𝒔

(3.3.5)

𝑹𝒔𝒉 𝑻

𝑻𝒐𝒑𝒕

𝟑

𝐑𝐞𝐯𝐞𝐫𝐬𝐞 𝐒𝐚𝐭𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐂𝐮𝐫𝐫𝐞𝐧𝐭,

𝑰𝒔 = [𝑰𝒓𝒔 (𝑻 ) ∗ 𝒆𝒙𝒑

𝐓𝐡𝐞𝐫𝐦𝐚𝐥 𝐕𝐨𝐥𝐭𝐚𝐠𝐞 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧,

𝑽𝒕 =

𝐑𝐞𝐯𝐞𝐫𝐬𝐞 𝐂𝐮𝐫𝐫𝐞𝐧𝐭 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧,

𝑰𝒓𝒔 =

𝒓𝒆𝒇

𝒌𝑩 𝑻𝒐𝒑𝒕
𝒒

𝑰𝒔𝒄
(

𝒆𝒙𝒑

𝒒𝒗𝒐𝒄
)
𝑵𝑪𝑻𝒐𝒑𝒕

(

𝟏
𝟏
−
)
𝑻𝒐𝒑𝒕 𝑻𝒓𝒆𝒇

∗

𝒒𝟐 𝑬 𝒈
𝑵𝑲𝒃

]

(3.3.6)

(3.3.7)

(3.3.8)
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where:
Ki – Current Proportionality Constant (2.2 × 10−3 𝐴/℃)
Irr – Irradiance of the Solar Cell

𝐺
𝐺𝑛𝑜𝑚

G – Cell Solar Irradiance (W/m2)
Gnom – Irradiance at Standard Test Conditions, 1000 W/m2
Topt – Optimal Cell Temperature (℃)
Tref - Cell Temperature at Standard Test Conditions, (25℃)
𝑊

Isc – Short-Circuit Current (A) at Standard Test Conditions, (25℃ ) 𝑎𝑛𝑑 (1000 𝑚2 )
𝑊

Voc – Open-Circuit Voltage (V) at Standard Test Conditions, (25℃ ) 𝑎𝑛𝑑 (1000 𝑚2 )
Ns - Number of series cells in the module (1)
Np - Number of parallel cells in the module (8)
Rs – Series Resistance of the Cell (0.18Ω)
Rsh –Shunt Resistance of the Cell (360.002Ω)
Is - Saturation Current, (A) depends on cell temperature
Eg – Energy Band Gap (1.12𝑒𝑉)
q - Electronic Charge (1.602 × 10−19 )𝐶
Vt - Thermal Voltage
N – Diode Idealizing Factor (1.36)
kB - Boltzmann’s Constant (1.38 × 10−23 )𝐽/𝐾
Short-circuit current is the maximum current produced by the solar cell at voltage equal to
zero. For an ideal solar cell Iph is equal to the short-circuit current. Open-circuit voltage is the
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maximum voltage produced by the solar cell at current equal to zero. There is no power produced
at short-circuit current and open-circuit voltage, since short-circuit current is produced at zero
voltage and open-circuit voltage is produced at zero current. Both short-circuit current and opencircuit voltage play a major role in I-V characteristics of the solar cell. The value of open-circuit
voltage can be calculated by assuming I=0 in equation (3.3.2).

𝑰𝒑𝒉 + 𝑵𝒑 𝑰𝒔 (𝒆

𝑽
𝒒( 𝒐𝒄 )
𝑵𝒔
𝑵𝑪𝑽𝒕

𝑽

− 𝟏) + 𝑹 𝒐𝒄𝑻 = 𝟎
𝒔𝒉

(3.3.9)

Therefore,
𝑰

𝑽𝒐𝒄 = 𝒍𝒏 (𝟏 + 𝑵𝒑𝒉𝑰 ) (
𝒑 𝒔

𝑵𝑪𝑽𝒕 𝑵𝒔
𝒒

)

(3.3.10)

Rs arises from the cell material’s resistance to current flow, particularly from the resistive
contacts through front surface. Rs is a particular problem at high current densities, whereas, Rsh
arises from the leakage current through the cell, particularly when different polarity contacts
around the edges of the device. It is a problem in poorly rectifying diodes. For effective cell Rs
have to be small and Rsh have to be as large as possible. For an ideal solar cell, Rs = 0 and Rsh = ∞.
However, to deliver maximum power, resistance of load should match with the characteristic
resistance of the source. When solar cells are connected in series we get the desired output voltage.
When solar cells are connected in parallel, we get desired output current.
The power generated is calculated using Ohms law, V=I*R. The voltage corresponding to
MPP is the maximum voltage Vm; the current corresponding to MPP is Im. Figure 4 shows the
current-voltage and power-voltage characteristic curve of typical solar cell, and the points of shortcircuit current, open-circuit voltage, Vm, Im and MPP line are shown.
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FIGURE 4: I-V AND P-V CHARACTERISTIC OF SOLAR CELL [17]
FF is the squareness of solar cell. FF is the ratio of Pm to the product of Isc and Voc. Rs and
Rsh reduce the FF of the cell. Durago says, “Typical solar cells have fill factor greater than 0.7”
[14].
𝐹𝐹 = 𝐼

𝑃𝑚

𝑠𝑐 𝑉𝑜𝑐

(3.3.11)

According to Gang and Ming, “It is an important factor for evaluating the quality of solar cells and
a high fill factor means the output curve of a solar cell is similar to a rectangular” [3].

CHAPTER 4
MODEL APPROACH
This thesis model in LabVIEW is designed after implementing several different model
approaches. The steps involved in the process of obtaining the final model are explained below.
4.1. Model Approach 1
Initially, the complex or realistic model of solar panel emulator using LabVIEW edited by
Fairweather and Brumfield in [11] is studied. As there is not sufficient details on the input
parameters, further research is done. Finally, the solar panel model developed in
MATLAB/Simulink software by Lethakula [12] in his thesis, “Solar Stand-Alone System with
Storage and DC Bus Control,” is referenced to develop this thesis model in LabVIEW. LabVIEW
is used for its easy graphical programming style and user-friendly interface. LabVIEW’s graphical
programming style makes the user to understand the working of solar panel easily.
The mathematical calculations and input parameters used for this thesis are referenced from
Lethakula’s thesis report [12] which is referenced from “Solar Panel Mathematical Modelling
Using Simulink” by Sharma and Jain [13]. In Lethakula’s thesis, a current-controlled voltage
source is used to calculate the voltage output, whereas in this thesis, a load resistor is used instead.
The model is developed with constant value load resistance. Figure 5 shows the block
diagram of model 1. As the mathematical value is executed once, the output value is a numeric
value. Since only single value of current and voltage is calculated at the output, the current-voltage
curve cannot be obtained to mimic the characteristic solar panel. However, the front panel shows
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the calculated values Iph, Id, Ish, total output current, output voltage, and output power
corresponding to the value of load resistance.

FIGURE 5 : BLOCK DIAGRAM OF MODEL 1
Figure 6 shows the front panel of model 1. The front panel shows the calculation
𝑊

for (25℃ ) 𝑎𝑛𝑑 (1000 𝑚2 ). Current voltage and power-voltage characteristics curves plot a
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single numeric value of current and power corresponding to the voltage. The value of solar
irradiance and temperature are varied to simulate the corresponding current and voltage values.
As solar irradiance increases, the value of current and power increases with slight modifications
in the value of output voltage. As temperature increases, it decreases the output voltage and
power with slight increase in value of output current.

FIGURE 6 : FRONT PANEL OF MODEL 1

21

The obtained values are verified with manual calculations. As only single values of
current and voltage are obtained, the next step is to develop an array of values to get the
characteristic curve.
4.2. Model Approach 2
As a next step, the calculations are simulated for N number of times to calculate an array
of current and voltage values to plot the current-voltage characteristic curve of the solar panel.
This is executed using for loop function from function palette in LabVIEW. For loop in
LabVIEW is shown in Figure 7. The N in the loop represents loop count, which means the total
number of times the loop is executed. The i is the iteration counter which represents values from
0 to N-1. The calculations are executed for N number of iterations. For example, if the loop has
to be executed for 10 times, then a constant value of 10 is given as input to N.

FIGURE 7: FOR LOOP IN LABVIEW
The block diagram is developed in LabVIEW with the mathematical calculations
simulated inside for loop to calculate the current and voltage values. Now, for loop is executed

22

for 10 iterations. The current and voltage values are initialized as zero. As the loop iterates the
input values, current and voltage values for current iteration are feedback from the output values
of previous iteration. An array of current and voltage values are given as output. The output
values are bundled together to form the graph. Figure 8 shows the block diagram of model 2.

FIGURE 8: BLOCK DIAGRAM OF MODEL 2
As the loop iterates for 10 iterations it calculates an array of current and voltage values.
But the output values are calculated only for a constant value of load. The calculated values does
not calculate the characteristic of the solar panel. Figure 9 shows the front panel of model 2.
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FIGURE 9: FRONT PANEL OF MODEL 2
After analyzing the current and voltage output values, it is seen that for loop is iterated
for 10 iterations with a specified value of load resistance. The LabVIEW model is simulated
continuously by using the “run continuously” function in LabVIEW. During the simulation the
load resistance value is varied over a range of 0 to 100. After analyzing the front panel for
different value of load resistance, using a variable resistor can get the characteristic curve of the
solar panel.
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4.3. Model Approach 3
A constant load resistor is used in the previous model. In this model, constant load is
replaced with the variable load resistor. In order to have a variable load resistor the iteration
counter (i) in for loop is used. The iteration counter counts value from 0 to N-1. When the
calculations are executed for N number of iterations, iteration counter counts for 0 to N-1 values.
For example, if the loop is executed for 10 times, then the value of i changes from 0 to 9
correspondingly. Figure 10 shows the block diagram of model 3.

FIGURE 10: BLOCK DIAGRAM OF MODEL 3
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The loop is iterated for 72 loop count. Here we get the current – voltage Characteristics
and power – voltage characteristics of the solar panel. The characteristic curve generated is
similar to that of a solar panel. Figure 11 shows the front panel of model 3. The array of output
values of Ish, Id, total output current, output voltage and output power are displayed in the front
panel.

FIGURE 11: FRONT PANEL OF MODEL 3
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As the loop count increases from 72 to 74, the current – voltage and power –voltage
curves does not converge. The values of current, voltage and power start to disperse over a wide
range. Figure 12 shows the front panel of model 3 after increasing the loop count to 74.

FIGURE 12: FRONT PANEL OF MODEL 3 - INCREASING LOOP COUNT
From the solar panel characteristics curve, the relationship between current and voltage is
nonlinear. As there are problems with the curves to converge, the nonlinear characteristics of the
curve is analyzed. The Id is the nonlinear part of the equation. By analyzing the output array, when
the loop is iterated for its 73rd iteration, a fluctuation in the Id value is noticed. This generates a
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greater fluctuation in the output voltage along with fluctuation in output current. This fluctuation
in the value of Id, output voltage and output current continues. These fluctuations cause the values
to disperse out of the expected curve characteristics.
4.4. Model Approach 4
In order to solve the fluctuations in the Id, a sub VI is used to calculate the Id. Meanwhile,
separate sub VI are used to calculate the output current and Is. The block diagram of sub VI to
calculate Is is shown in Figure 13.

FIGURE 13 : BLOCK DIAGRAM OF SUB VI FOR REVERSE SATURATION CURRENT
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The front panel of the sub VI for Is shows the input and output parameters corresponding
to the sub VI. Here optimal cell temperature is the input parameter and Is is the output parameter.
Figure 14 shows the front panel of the sub VI for Is.

FIGURE 14: FRONT PANEL OF SUB VI FOR REVERSE SATURATION CURRENT
It was analyzed that the nonlinearity in the Id is causing the current and voltage values not
to converge. Therefore, a sub VI is developed to calculate the Id. The mathematical calculation for
calculating the Id forms the sub VI. The sub VI is developed to check if it is going to help in
converging the output current and voltage values. The block diagram of sub VI for Id calculation
is shown in Figure 15.
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FIGURE 15: BLOCK DIAGRAM OF SUB VI FOR DIODE CURRENT
The front panel of the sub VI for Id shows the input and output parameters corresponding
to the sub VI. The input parameters for the sub VI are optimal cell temperature, feedback current
and voltage. Along with these parameters, the output from sub VI for Is is given as an input. Id is
the output parameter from sub VI. The front panel of the sub VI for diode current is shown in
Figure 16.
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FIGURE 16: BLOCK DIAGRAM OF SUB VI FOR DIODE CURRENT
The Iph, Ish and total output current are calculated in same sub VI. First, the Iph is calculated.
Then the Id is calculated and subtracted from Iph. Finally, the output from Id sub VI is given as an
input to calculate the total output current. Figure 17 shows the block diagram of sub VI for total
output current.
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FIGURE 17: BLOCK DIAGRAM OF SUB VI FOR OUTPUT CURRENT
The front panel of the sub VI for Id shows the input and output parameters corresponding
to the sub VI. As the sub VI has calculations for Iph, Ish and total output current, there is need for
different input parameters. The input parameters are solar irradiance, optimal cell temperature,
feedback current, and feedback voltage. Along with these parameters, the output from sub VI for
Id is given as an input to calculate the total current output. Figure 18 shows the front panel of sub
VI for output current.
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FIGURE 18: FRONT PANEL OF SUB VI FOR OUTPUT CURRENT
The above-mentioned sub VIs are developed in a LabVIEW file inside the loop. Similar to
previous model, the output voltage is calculated by multiplying the output current with a variable
resistor. The i in for loop is used as variable resistor. The input current and voltage values for
current iteration are feedback from the output values of previous iteration. In for loop, a shift
register is used to perform the feedback with delay. The shift register is initialized with a value of
zero. The voltage and power calculations are performed inside the loop. In this model the loop is
iterated for 74 times, similar to previous model, to analyze if this model converges. Figure 19
shows the block diagram of model 4.
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FIGURE 19: BLOCK DIAGRAM OF MODEL 4
The block diagram of model 4 shows the sub VIs built inside the for loop to perform the
calculations. As mentioned earlier, the Id calculations are executed in separate sub VI to see if it
helps in minimizing the fluctuation in calculated values. The model is iterated for 74 times, which
is similar to model 3. The current-voltage curves and power-voltage curves are plotted from the
calculated array of values. The front panel shows the current-voltage characteristic curve and
power-voltage characteristic curve. In the front panel it also shows solar irradiance and
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temperature as input parameters. The input parameters can be varied from the front panel. Figure
20 shows the front panel of model 4.

FIGURE 20: FRONT PANEL OF MODEL 4
The model is iterated for 74 loop count for it to be compared with the model 3. After doing
a comparative analysis of model 3 and model 4 it is seen that the fluctuations in the value of Id,
output current and output voltage are minimal. Although there is some fluctuation in the output
values, it is less compared to model. But when the loop count is increased from 74 to 75 the
fluctuation continues. Again the output values disperse and does not converge to form the currentvoltage characteristic curve. Although developing model 4 reduces the fluctuation at loop count
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74, it does not solve the convergence errors completed. Figure 21 shows the characteristic curves
for loop count 75.

FIGURE 21: FRONT PANEL OF MODEL 4 WITH LOOP COUNT 75
Then, instead of using the current value of Id, feedback value of Id is used to calculate the
total output current. As mentioned earlier, shift register is used to feedback the Id. The shift register
is initialized with value of zero to start up. Figure 22 shows the front panel of model 4 with
feedback Id. The front panel shows the current-voltage and power-voltage characteristic curves of
the model. Figure 21 and Figure 22 are compared. There is not much difference in the curves from
both the figures. From the analysis, using a feedback diode current might delay the fluctuations
but not solve the convergence problem.
Finally, a double delayed value of Id is used to calculate the total output current. The
characteristic curve obtained is similar to that of Figure 21 and Figure 22. Therefore feeding back
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the Id does not make the output current and voltage values to converge. Using a separate sub VI
for Id also does not help in making the output current and voltage values to converge.

FIGURE 22: FRONT PANEL OF MODEL 4 WITH FEEDBACK DIODE CURRENT
A model is developed by having the sub VI separately for Iph calculation and Ish calculation.
Therefore there are separate sub VI developed for calculating Iph, Is, Id, and Ish to do the calculations
separately. The results obtained from the calculation are similar to the results from model 4. Since
there was no difference with the results, the model is not included.
4.5. Model Approach 5
Since the previous model does not drive through the expected results, the next model is
implemented to make the current and voltage values to converge by doing successive
approximation. The Newton Raphson method is implemented in model 5 to find the successive
approximation of the values of Id. The method is used to make the current and voltage values to

37

converge to plot the characteristic curve of the solar panel. Newton Raphson method is the
successive approximation method. The function is approximated to the tangent line by taking an
initial guess close to true root value. The method starts with a function f(n) and the derivative f’(n)
and the initial guess x0. The approximated value xn+1 is calculated as [5] [18]:
𝒇(𝒏)

𝒙𝒏+𝟏 = 𝒙𝒏 − 𝒇′(𝒏)

(4.5.1)

With respect to the thesis model:

𝒒(

𝒇(𝒏) = 𝑰 − 𝑵𝒑 𝑰𝒑𝒉 + 𝑵𝒑 𝑰𝒔 (𝒆

𝒇′ (𝒏) = 𝟏 + 𝑵𝒑 𝑰𝒔

𝑹
𝒒( 𝒔 )
𝑵𝒔

𝑵𝑪𝑽𝒕
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𝑹𝒔𝒉 𝑻

− 𝟏)

The block diagram implemented with Newton Raphson method is shown in Figure 23.

(4.5.2)

(4.5.3)
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FIGURE 23: BLOCK DIAGRAM OF MODEL 5- NEWTON RAPHSON METHOD
In this model, the inside for loop calculates the Newton Raphson calculation. The Id and Ish
are calculated inside the for loop. The function of output current f(I), the derivative of the function
of output current f’(I) and next approximated value xn+1 are calculated inside the for loop. The
current and voltage values are feedback. As mentioned earlier, shift register is used to feedback.
Here the shift register is initialized with an array instead of a numeric constant. Build array function
from the array palette is used to initialize an array with initial value and dimension size. The outside
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for loop calculates Iph and Is. Both Iph and Is are temperature dependent. Additionally Iph depends
on solar irradiance. Figure 24 shows the front panel for model 5 with Newton Raphson method.

FIGURE 24: FRONT PANEL OF MODEL 5- NEWTON RAPHSON METHOD
The graph shows the simulated results for the block diagram shown in Figure 23. The
shift register is used to feedback current and is initialized with an initial value array. But the
entire loop iterations are calculated only with the initialized value. The shift register does not
feedback the output value of present iteration to be initialized for next iteration. Similarly, this
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happens with the voltage feedback by shift register. Therefore the current and voltage
characteristic curve does not come any closer to the typical characteristic curve of the solar
panel.
The block diagram is slightly modified by taking the shift register of voltage feedback to
the outside for loop. Figure 25 shows the block diagram of slightly modified model 5. The model
still uses the Newton Raphson method but with slight modification to analysis feedback function
of the shift register.

FIGURE 25: BLOCK DIAGRAM OF MODEL 5-A - NEWTON RAPHSON METHOD
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From the front panel in Figure 26, the current and voltage values are similar to the Figure
24. There is no improvement in the results obtained. There are two reasons for not getting the
desired results. First reason is shift register does not feedback the values of current iteration to next
iteration. Second reason is Newton Raphson method could not be calculated with two unknown
variables in LabVIEW. When the current and voltage array are initialized and feedback with values
for next iterations, the second reason becomes invalid. However, both the reasons have the same
point, that is the shift register’s feedback mechanism.
Another model was developed by calculating the open-circuit voltage and calculating the
values of current corresponding to voltage values until the value of open-circuit voltage. As the
forced voltage cannot be used to calculate the output current value, the method is not considered.
4.6 Model Approach 6 – Final Model
Similar to previous models, the total output current is calculated from Iph, Id, and Ish. Here
a constant load resistance is used to calculate the corresponding voltage value. As the current and
voltage does not converge in model 3, the value of voltage is approximated with respect to a delta
function. The voltage approximation is calculated as:
𝑽𝒙 (𝒏 + 𝟏) = 𝜹{𝑽𝒎 (𝒏) − 𝑽𝒙 (𝒏)} + 𝑽𝒙 (𝒏)

(4.6.1)

In the approximation, the value of voltage is calculated by adding the input value of voltage and
of delta time difference between measure voltage and input voltage. The input voltage is
feedback through the shift register from previous iteration. Measured voltage is calculated with
respect to Ohm’s law by multiplying output current times the load resistance. Figure 27 shows
the flowchart used to calculate the output current and voltage values.
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FIGURE 26: FRONT PANEL OF MODEL 5-A - NEWTON RAPHSON METHOD
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FIGURE 27: FLOWCHART OF MODEL 6
Figure 28 shows the block diagram of model 6. The flowchart is implemented in the block
diagram. Here a while loop is used to calculate the value of output current and output voltage.
Since while loop is used, a conditional terminal is needed to stop the loop. A conditional terminal
stops when the difference measured voltage and feedback voltage is less than or equal to 0.001.
From the output value of current and voltage the current-voltage characteristic curve and powervoltage characteristic curves are plotted.
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FIGURE 28: BLOCK DIAGRAM OF MODEL 6
The front panel for model 6 is shown in Figure 29. The front panel shows the value of Is,
Id, Iph, and the array value of output current, voltage and power along with the characteristic curves.
The value of solar irradiance, temperature and load resistance can be varied in the front panel. In
model 6, the characteristic curves are calculated and plotted for the specific load resistance. As the
while loop iterates, the voltage values are calculated from output current, load resistance, input
voltage, and measured voltage. When the value of load resistance is increased, the operating point
in the current-voltage and power-voltage curves are extended. Similarly, when the value of load
resistance is decreased, the operating point the current-voltage and power-voltage curves is
shortened. The front panel shows the characteristic curves for load resistance of 300Ω. The curves
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operate until maximum voltage of 157.913V and 0.52638A of minimum current at solar irradiance
of 1000 W/m2 and temperature of 25°C.

FIGURE 29: FRONT PANEL OF MODEL 6

CHAPTER 5
RESULTS
5.1. Effects of Varying Load Resistance
Figures 30 – 35 show the front panel for varying load resistance from 50Ω to 300Ω at
standard test condition (STC) of 1000 W/m2 and 25°C. The load resistance value picks up the
operating point on the panel. While the VI runs, the variation in load resistance varies the
operating point of the solar panel. For all the following figures, units for current, voltage and
power measurements are in amperes, volts and watts respectively. The following front panels are
for six different load resistances.
The front panel with load resistance = 50Ω

FIGURE 30: FRONT PANEL FOR LOAD RESISTANCE OF 50 OHMS
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Minimum Output Current, I =2.64218A
Maximum Output Voltage, V = 132.759V
Maximum Output Power, P = 368.645W
The front panel with load resistance = 100Ω

FIGURE 31: FRONT PANEL FOR LOAD RESISTANCE OF 100 OHMS
The output voltage is increased from132.759 V to 150.003V as load resistance increases
from 50 ohms to 100 ohms.
Minimum Output Current, I =1.47105 A
Maximum Output Voltage, V = 150.003 V
Maximum Output Power, P = 368.621W
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In Figure 32, the front panel with load resistance = 150Ω.
Minimum Output Current, I =1.03204 A
Maximum Output Voltage, V = 154.042 V
Maximum Output Power, P = 368.465W
The voltage at which current is equal to zero is the open-circuit voltage. The output
voltage is approaching towards the open-circuit voltage.

FIGURE 32: FRONT PANEL OF LOAD RESISTANCE OF 150 OHMS
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In Figure 33, the front panel with load resistance = 200Ω.

FIGURE 33: FRONT PANEL FOR LOAD RESISTANCE OF 200 OHMS
Minimum Output Current, I =0.782141 A
Maximum Output Voltage, V = 156.042 V
Maximum Output Power, P = 368.438W
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The front panel with load resistance = 250Ω.

FIGURE 34: FRONT PANEL FOR LOAD RESISTANCE OF 250 OHMS
Minimum Output Current, I =0.625742 A
Maximum Output Voltage, V = 157.205 V
Maximum Output Power, P = 368.459W
The maximum output power decreases by a few millwatts (mW) as the load resistance increases.
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The front panel with load resistance = 300Ω.

FIGURE 35: FRONT PANEL FOR LOAD RESISTANCE OF 300 OHMS
Minimum Output Current, I =0.52638 A
Maximum Output Voltage, V = 157.913 V
Maximum Output Power, P = 367.889W
The front panel shows the change in operating point of the curve as load resistance
increases. As load resistance increases from 50Ω to 300Ω the maximum output power decreases
from 368.645W to 367.889W, which is less than 1 watt of power.
5.2. Effects of Varying Solar Irradiance
Figures 36-40 show the varying solar irradiance from 200 W/m2 to 1000 W/m2 for load
resistance of 300Ω at 25°C. The Iph is directly proportional to solar irradiance. When the solar
irradiance increases it increases the Iph. Eventually the value of short-circuit current increases.
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While the VI runs, the increase in solar irradiance increases the short-circuit current along with
slight increase in open-circuit voltage of the solar panel. For all the following figures, units for
current, voltage and power measurements are in amperes, volts and watts respectively. The
following front panels are for five different solar radiations.
For solar irradiance of 200 W/m2:

FIGURE 36: FRONT PANEL OF SOLAR IRRADIANCE OF 200 W/M2
Short-Circuit Current, Isc =0.779065A
Open-Circuit Voltage, Voc =100.467V
Maximum Output Power, P = 39.834W
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The current at voltage is equal to the short-circuit current. Short-circuit current increases as solar
irradiance increases. Here the short-circuit current is 0.779065A.
For solar irradiance of 400 W/m2:

FIGURE 37: FRONT PANEL FOR SOLAR IRRADIANCE OF 400 W/M2
Short-Circuit Current, Isc =1.542A
Open-Circuit Voltage, Voc =130.638V
Maximum Output Power, P = 110.114W
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For solar irradiance of 600 W/m2:
Short-Circuit Current, Isc =2.313A
Open-Circuit Voltage, Voc =143.829V
Maximum Output Power, P = 191.126W

FIGURE 38: FRONT PANEL FOR SOLAR IRRADIANCE OF 600 W/M2
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For solar irradiance of 800 W/m2:

FIGURE 39: FRONT PANEL FOR SOLAR IRRADIANCE OF 800 W/M2
Short-Circuit Current, Isc =3.084A
Open-Circuit Voltage, Voc =152.015V
Maximum Output Power, P = 277.329W
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For solar irradiance of 1000 W/m2:

FIGURE 40: FRONT PANEL FOR SOLAR IRRADIANCE OF 1000 W/M2
Short-Circuit Current, Isc =3.855A
Open-Circuit Voltage, Voc =157.913V
Maximum Output Power, P = 277.329W
Whiles increasing the solar irradiance from 200 W/m2 to 1000 W/m2, the short-circuit
current increases from 0.779065A to 3.855A, open-circuit voltage increases from 100.467V to
157.913V and maximum output power increases from 39.834W to 277.329W respectively.
When output voltage of the solar panel increases from zero, the power also increases. In the
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power-voltage curve, the power reaches its maximum value at specific voltage. If the voltage
increases after that, the output power decreases to zero at open-circuit voltage.
5.3. Effects of Varying Temperature
Figures 41-45 show the varying temperature from 0°C to 100°C with solar irradiance of
1000 W/m2 and load resistance of 300Ω. The Id is inversely proportional to temperature. When the
temperature increases, the short-circuit current increases. As temperature increases, the band gap
energy of the solar cell decreases. Eventually the open-circuit voltage decreases along with the
temperature-dependent saturation current. Whiles the VI runs, the increase in temperature
decreases the open-circuit voltage along with slight increase in short-circuit temperature. For all
the following figures, units for current, voltage and power measurements are in amperes, volts and
watts respectively. The following front panels are for five different temperatures.

58

For temperature of 0°C:

FIGURE 41: FRONT PANEL FOR TEMPERATURE OF 0°C
Short-Circuit Current, Isc =3.8A
Open-Circuit Voltage, Voc =163.094V
Maximum Output Power, P = 384.562W
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For temperature of 25°C:

FIGURE 42: FRONT PANEL FOR TEMPERATURE OF 25°C
Short-Circuit Current, Isc =3.855A
Open-Circuit Voltage, Voc =157.913V
Maximum Output Power, P = 367.899W
When temperature increases from 0°C to 25°C, open-circuit voltage of the solar panel
decreases from 163.094V to 157.913. As voltage decreases, maximum power generated from the
solar panel also decreases. The value of maximum power decreases from 384.562W to
367.899W. Short-circuit current increases slightly from 3.8A to 3.855A.
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For temperature of 50°C:

FIGURE 43: FRONT PANEL FOR TEMPERATURE OF 50°C
Short-Circuit Current, Isc =3.91A
Open-Circuit Voltage, Voc =152.41V
Maximum Output Power, P = 349.982W
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For temperature of 75°C:

FIGURE 44: FRONT PANEL FOR TEMPERATURE OF 75°C
Short-Circuit Current, Isc =3.965A
Open-Circuit Voltage, Voc =146.619V
Maximum Output Power, P = 330.568W
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For temperature of 100°C:

FIGURE 45: FRONT PANEL FOR TEMPERATURE OF 100°C
Short-Circuit Current, Isc =4.02A
Open-Circuit Voltage, Voc =140.575V
Maximum Output Power, P = 309.593W
While increasing the temperature from 0°C to 25°C, the short-circuit current increases
slightly from 3.8 to 4.02, open-circuit voltage decreases from 163.094V to 140.575V and
maximum output power decreases from 384.562W to 309.593W respectively.

CHAPTER 6
CONCLUSION AND FUTURE WORK
A solar panel simulator with a constant load resistance is developed using LabVIEW. The
operation point of the solar panel is analyzed for varying values of load resistance from 50Ω to
300Ω. current-voltage and power-voltage curves are analyzed for varying solar irradiance from
200W/m2 to 1000W/m2 and varying temperature from 0°C to 100°C. The front panel clearly
shows the variation in the short-circuit current, open-circuit voltage, maximum output power,
and operating point of the solar panel.
Approaches using for loop in LabVIEW are simulated for constant and variable load
resistance. Newton Raphson method is used to approximate the current and voltage values. The
final model is simulated for constant load at the output after implementing various model
approaches.
This thesis can be developed in future by using a variable load. In addition, a converter
can be added along with control algorithm. LabVIEW user interface can be used to implement
the control algorithm.
Data acquisition card (DAQ) can be used to make a real-world interface for measuring
the solar irradiance and temperature. Implementing this method using LabVIEW will make
analyzing of solar panel parameters easier for a specific location. Similarly, solar panels can be
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tested virtually using LabVIEW-developed solar panel simulators. As testing with actual panels
might degrade the efficiency of the solar panel, this will be of great benefit.
Further researching in this area using LabVIEW will make for easier understanding for
future engineers and development of clean, silent and efficient power generation techniques.
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